Introduction
Head and neck squamous cell carcinoma (HNSCC) is the tenth most common malignancy and the eleventh cause of cancer-related deaths in the United States (1) . Patients with early stage HNSCC could usually get good curative results after surgery or radiotherapy. Unfortunately, many patients were diagnosed with advanced HNSCC and postoperative adjuvant therapy seems necessary for improving outcome (2) . In patients with clinically high-risk HNSCC, postoperative concurrent chemoradiotherapy improved loco-regional control (LRC) compared with mono radiotherapy (3, 4) . However, the long-term relapse free survival (RFS) and overall survival (OS) showed no difference between patients who received chemoradiotherapy and those with radiotherapy alone (4) . Meanwhile, adding chemotherapy to radiotherapy increases the risk of both acute and late toxicity, resulting in a decreased quality of life (5, 6) . For this reason, the proper decision of concurrent chemoradiotherapy or mono radiotherapy should be discussed for selecting patients who will get more clinical benefit and avoid unnecessary side effect. Thus, finding novel molecular signatures with superior predictive values will be helpful for better treatment decision in patients with HNSCC.
To date, gene expression profiles by microarrays or next-generation sequencing platforms have been widely used in developing biomarkers in various types of cancer including HNSCC. Multiple studies have reported molecular subtypes of HNSCC by gene expression profiles (7) (8) (9) . These gene expression subtypes were correlated with biological features of tumors as well as the clinical outcome of patients. Linge et al reported that high expression levels of hypoxia-induced gene signature and cancer stem cell markers were correlated with poor prognosis after postoperative chemoradiotherapy in HNSCC patients (10). However, most of these gene signatures were reported as prognostic factors for HNSCC. Little biomarkers have been developed for predicting the clinical benefit of postoperative concurrent chemoradiotherapy compared with mono radiotherapy.
This study was designed to develop a gene signature for distinguishing HNSCC patients who would benefit from concurrent postoperative chemoradiotherapy compared with radiotherapy alone. RNA-sequencing data and corresponding therapeutic information of HNSCC patients were collected from The Cancer Genome Atlas (TCGA). Using a bioinformatic approach, we identified a 22-gene signature. This signature was helpful to stratify patients with different survival benefits of postoperative chemoradiotherapy compared with radiotherapy alone. However, there were no prognostic differences between concurrent chemoradiotherapy and mono radiotherapy groups when considering all patients. In addition, the predictive value of this signature was independent of traditional clinical parameters.
Materials and methods
Patients and clinical characteristics. The gene-expression profiles and clinical information from 528 patients with HNSCC were collected from TCGA. A subgroup of 281 patients from this cohort was involved in this analysis, with the following criteria: i) Without any neo-adjuvant therapy before surgery; ii) receiving postoperative mono radiotherapy or concurrent chemoradiotherapy before any recurrence or metastasis occurs; iii) with follow-up information after treatment; and iv) with gene-expression profiles of the primary tumors. A clinically high-risk factor was defined for 209 patients, by three parameters: With positive lymph nodes ≥2, extracapsular extension of nodal disease or positive surgical margins, as described previously (3) .
OS was defined as the survival time from the surgery date to the time point of patient death, or the last follow-up time of living (censored data). RFS was defined as the survival time from the surgery date to the point of loco-regional or distant recurrence of cancer, or the last follow-up time without recurrence (censored data). LRC was defined as the survival time from the surgery date to the point of local or regional recurrence of cancer, or to the last follow-up time without loco-regional recurrence (censored data).
Postoperative radiation and chemoradiotherapy. Patients have received mono radiotherapy or concurrent chemoradiotherapy after primary surgical treatment. Both radiation and chemoradiotherapy were delivered without any evidence of loco-regional recurrence or distant metastasis. For irradiation, 66.9% (188/281) of patients received ≥60 Gy of total dosage. Conventional fractionation delivered 1.8-2.2 Gy/fraction, 1 fraction/day, 5 days/week. The other fraction types were characterized as none-conventional group. In the chemoradiotherapy group, patients received concomitant chemotherapy with irradiations. Chemotherapy agents were classified into three types: i) Mono therapy of platinum (cisplatin or carboplatin); ii) platinum plus paclitaxel; and iii) chemo-drug plus target drug. The clinical parameters between mono radiotherapy and concurrent chemoradiotherapy were showed in Table I .
Gene-expression data processing. Gene-expression data of 281 primary HNSCCs was profiled by RNA sequencing method. Level 3 data of fragments per kilobase of gene per million fragments mapped with upper quartile normalization (FPKM-uq) were downloaded from TCGA Data Portal. FPKM-uq value was log 2 -transformed for subsequent analysis. For each gene, the expression value was scaled to z-value with mean of 0 and standard deviation of 1 across all samples.
Selection of gene-expression signature for survival benefit from chemoradiotherapy. A workflow chart of signature development in this study is depicted in Fig. 1A . The genes were preselected by their interaction effect with treatment groups based on the OS. For each gene, all patients were grouped into two sub-groups according to the median of gene expression value. The interaction effect between gene groups and treatment groups were tested by Cox model based on OS. Genes with P<0.001 (test for interaction) were selected for subsequent exclusion and inclusion procedures for identifying a minimum set of genes that had the highest predictive ability. In the exclusion and inclusion processes, the Principal Component Analysis were performed for each gene set, and the first principal component (PC1) was used to group patients into two subgroups by median. Cox model was performed to test the interaction effect between PC1 groups and treatment groups. The exclusion procedure removes one gene at a time which yielded the maximal R Square (R2, goodness-of-fit) in the Cox model. The procedure was repeated until there was only one gene left. Starting with this gene, the inclusion procedure added one gene at a time which yielded the maximal resultant R 2 . The minimum number of genes having the largest R 2 was chosen as the optimal predictive gene signature for survival benefit from chemoradiotherapy.
We also performed another method described by Zhu et al to identify the prognostic genes (11) . This method were used to stratify patients for survival benefit analysis of chemoradiotherapy, and were compared with our method.
Bioinformatic and statistical methods. All tumor samples were separated into two subgroups by the median of gene-expression score (PC1) of the predictive gene signature identified above. Gene gene-expression profiles were visualized by heat map. Gene Set Enrichment Analysis (GSEA) of was performed for the two subgroups of samples using the 'C2' gene sets from the MSigDB database v6.0 (12) . Gene sets with gene numbers <15 or >500 were not included in analysis. The enrichment P-value was obtained by using 1,000 iterations of sample-shuffling. The false discovery rate (FDR) <0.25 was considered to be significant cut-off as recommended previously (12) .
The correlations between various clinical variables and patient subgroups identified by the gene signature were tested by the Chi-square test or Fisher's exact test. Kaplan-Meier curves and log-rank test were used to compare the OS, RFS and LRC of different postoperative treatments, in each subgroup of patients. The interaction effect between clinical/genetic variables and treatment groups was estimated by multivariate Cox model. All statistical tests were two-sided, and P-value <0.05 was considered to be significant. All statistical analyses were performed by R software (version 2.15.2). Table I . Association between treatment groups and other clinical parameters. 
Results
Identifying gene-expression predictor for survival benefit from chemoradiotherapy. For the gene-expression profiles, each gene was tested by their interaction effect with treatment groups in Cox model based on OS. With a cut-off of P<0.001 (test for interaction), 55 genes showed significant interaction effect with treatment groups. In order to identify the minimum set of genes with the best predicting efficiency, the 55 candidate genes were used in the exclusion and inclusion procedure. As a result, a combination of 22 genes achieved the highest R 2 in the Cox regression model (Fig. 1B) . The details of the 22 genes were listed in Table II . The gene-expression score of the 22 genes (also referred to as 22-gene signature) was defined as the first principal component (PC1) by the PCA model. The patients were separated into low-score and high-score subgroups according to the median of gene-expression score (Fig. 1C) . The two subgroups showed distinct gene-expression patterns, with 10 genes upregulated in the low-score subgroup and 12 genes upregulated in the high-score subgroup respectively (Fig. 1D) .
Association of 22-gene signature with the clinical variables.
The association between 22-gene signature subgroups and conventional clinical variables was analyzed (Table III) . There was no significant correlation between the 22-gene subgroups and the postoperative treatment groups (P= 0.592). The anatomic site of the primary tumor was associated with the gene signature sub-groups (P=0.033). Tumors in the low-score subgroup were associated with positive lymph nodes <2 (P= 0.001), negative surgical margin (P= 0.051), as well as the three-variable combined low-risk group (P= 0.003). For pathological grade, the well differentiated tumors were enriched in the low-score subgroup while the poor differentiated tumors were enriched in the high-score subgroup (P=0.0004). The other clinical variables (such as gender, age, smoking index, TNM stage, irradiation dosage/fraction or chemo-reagents) showed no significant association with the 22-gene subgroups (P>0.1).
The low-score subgroup was associated with gene signatures of stemness and chemo-resistance. We next examined the biological meanings of the 22-gene signature subgroups. GSEA was performed using the 4,731 curated gene sets (C2), which contain canonical pathways and expression signatures from various experiments. When using FDR <25% as the significant cut-off (12), 69 gene sets were enriched in the low-score subgroup while there was no gene sets significantly enriched Table III . Association between 22-gene subgroups and clinical parameters. in the high-score subgroup. The hypoxia upregulated gene signature identified in HNSCC was significantly enriched in the low-score subgroup ( Fig. 2A , NES=-2.17, P-value <0.001, FDR= 0.057). Two gene sets of human mammary stem cells (Fig. 2B , NES=-1.81, P-value= 0.034, FDR= 0.208) and the mouse embryonic, neural, and hematopoietic stem cells (Fig. 2C , NES= -1.77, P-value= 0.037, FDR= 0.232) were enriched in the low-score subgroup. Meanwhile, the low-score subtype was also associated with genes upregulated in the basal subtype of breast cancer (Fig. 2D , NES=-1.75, P-value=0.002, FDR= 0.226). These results suggest the low-score subgroup may carry characteristics of stemness and basal phenotype of cancer. Particularly, the low-score subtype was significantly associated with gene sets involved in resistance of cancer cells to antitumor drugs. Genes downregulated in B-lymphoma cells in response to rapamycin were significantly enriched in the low-score subgroup (Fig. 2E , NES=-2.23, P-value <0.001, FDR= 0.061). Another gene set which was upregulated in breast cancer cells resistant to docetaxel was also significantly enriched in the low-score subgroup (Fig. 2F , NES= -1.97, P-value <0.001, FDR=0.153).
22-gene signature
Survival benefit of chemoradiotherapy predicted by 22-gene signature. The survival benefit from concurrent chemoradiotherapy was assessed in different subgroups of patients. There was no OS improvement for adding chemotherapy to radiotherapy when considering the whole cohort (Fig. 3A , log-rank test, P=0.15). In the low-score subgroup, patients who received chemoradiotherapy showed even worse OS than those with radiotherapy (P<0.001; Fig. 3B ). However, for the high-score subgroup, concurrent chemoradiotherapy demonstrated significantly improved OS than radiotherapy (P<0.001; Fig. 3C ). For RFS, patients who received concurrent chemoradiotherapy showed no benefit for the whole cohort (P= 0.14; Fig. 3D ), poorer outcome in the low-score subgroup (P<0.001; Fig. 3E ), and better outcome in the high-score subgroup (P= 0.014; Fig. 3F ). Similarly, patients who received chemoradiotherapy have no benefit on LRC than those who received radiotherapy alone (P=0.44; Fig. 3G ) when considering all patients. Patients who received chemoradiotherapy in low-score subgroup demonstrated worse LRC (P= 0.011; Fig. 3H ), but patients in the high-score subgroup showed improved LRC (P= 0.001; Fig. 3I ), compared with those who received radiotherapy alone.
Predictive value of 22-gene signature is better than routine clinical variables.
The prognostic value and interaction effect with postoperative treatment of clinical/genetic variables were analyzed by Cox regression model (Table IV) . The positive lymph nodes >2 (P= 0.028), surgical margin (P= 0.032), as well as the three-variable combined risk group (P= 0.015) were significant prognostic factors for OS. The high-score subgroup of 22-gene signature was a high risk factor of patient death (P<0.001). A significant interaction effect was observed between 22-gene signature and postoperative treatment (test for interaction, P<0.001). Although the three-variable combined risk group was a prognostic factor for OS (P=0.015), but it was not a predictive factor for treatment benefit (test for interaction, P=0.121). The other clinical parameters showed no statistical significance in the Cox analysis. We next investigate the relationship between the 22-gene signature and the conventional clinical risk factors in predicting the outcome benefit of adjuvant chemoradiotherapy (Fig. 4) . When considering all patients at clinical high-risk, concurrent chemoradiotherapy after surgical resection did not demonstrate better outcome than radiotherapy alone (P>0.05; Fig. 4A, D and G) . For the patients in low-score subgroup by the 22-gene signature, concurrent chemoradiotherapy was correlated with worse OS (log-rank test, P<0.001; Fig. 4B ), poorer RFS (P= 0.006; Fig. 4E ) and worse LRC (P= 0.025; Fig. 4H ), compare with mono radiotherapy. In the high-score sub-group, however, chemoradiotherapy demonstrated better OS (P<0.001; Fig. 4C ), better RFS (P= 0.002; Fig. 4F ), and improved LRC (P<0.001; Fig. 3I ) than mono radiotherapy. However, the predictive value of the 22-gene signature was not significant anymore in the sub-cohort of patients at clinical low-risk (Fig. 5) . These results suggested that a combination of the 22-gene signature and conventional clinical risk factors may be more precise in predicting treatment benefit.
22-gene signature -----------------------------------------------------------------
We also compared our bioinformatic approach with a previously described method which identified the prognostic genes (11) . Using the previous method, we developed a gene-expression profile (Fig. 6A ) which could predict poor prognosis for patients who received mono radiotherapy (Fig. 6B, left column) . The patients who received concurrent chemoradiotherapy were also classified as low-risk or high-risk groups by this gene-expression profile. In the low-risk subgroup, concurrent chemoradiotherapy could not improve patient outcome, but an even worse prognosis was observed (Fig. 6B, middle column) . In the high-risk group, there was no significant improvement of survival by concurrent chemoradiotherapy (Fig. 6B, right column) .
Discussion
Postoperative radiotherapy or concurrent chemoradiotherapy are common for improving patient outcome in advanced HNSCC. However, the proper decision of using mono radiotherapy or concurrent chemoradiotherapy is controversial. In this study, we developed a 22-gene expression signature which distinguished HNSCC patients with different outcome after receiving chemoradiotherapy. Patients classified as high-score subgroup might get improved outcome from concurrent chemoradiotherapy compared with mono radiotherapy. In contrast, in the low-score subgroup, patient receiving chemoradiotherapy would get even worse prognosis. The high-score subtype was associated with some proliferation promoting genes. Genes upregulated in the low-score subtype were related to stemness traits and drug resistance features in cancer cells.
For HNSCC patients with clinically high-risk (at least one of the three factors: With two or more positive lymph nodes, extracapsular extension of nodal disease or positive surgical margins), postoperative chemoradiotherapy improved local control and RFS compared with mono radiotherapy initially (3). However, the long-term RFS and OS showed no significant differences (4) . Further analysis showed that only patients with (I) LRC analysis for patients with high-score by 22-gene signature. OS, overall survival; RFS, relapse free survival; LRC, local regional control; HNSCC, head and neck squamous cell carcinoma; Radi., radiation; Radi.Chemo., concurrent chemoradiotherapy. extracapsular extension and/or positive surgical margins could benefit from adjuvant concurrent chemoradiotherapy (4, 13) . For the TCGA cohort analyzed in this study, we found that neither the three-variable nor the two-variable combined risk factor could predict the survival benefit of adjuvant chemoradiotherapy ( Fig. 4 ; Table IV) . These results suggest a novel signature is needed to improve the predictive efficiency of the conventional clinical factors. Here, the 22-gene signature showed a significant interaction effect with postoperative concurrent chemoradiotherapy on the patient outcome. Adding chemotherapy to radiotherapy improved postoperative outcome only in patients from the high-score subgroup but not in those from the low-score subgroup stratified by the 22-gene signature. Moreover, we also found that the 22-gene signature exhibited predictive value only in the clinically high-risk sub-cohort, but not in patients with low-risk. These results suggested that a combination of the 22-gene signature and the clinical risk factors may serve as a robust predictive marker for identifying patients who would benefit from postoperative chemoradiotherapy.
A previous study identified a gene expression signature which could predict survival benefit from adjuvant chemotherapy for non-small cell lung cancer (11) . In the study, colleagues focused on a prognostic gene signature which could group patients into high/low-risk subgroups, and the individuals at high-risk group were more likely to benefit from chemotherapy (11) . Using the same approach, we developed a gene-expression profile which could predict poor prognosis for patients who received mono radiotherapy ( Fig. 6A and B, left column) . The patients who received concurrent chemoradiotherapy were also classified by this gene-expression profile. For the low-risk subgroup, patients who received concurrent chemoradiotherapy had even worse outcome than those who received radiotherapy alone (Fig. 6B,  middle column) . However, the high-risk group could not serve as a predictor for benefit of chemoradiotherapy (Fig. 6B, right  column) . On contrary, our method focused on the interaction effect between genes and therapeutic groups on the patient outcome. The 22-gene signature identified by our approach could distinguished patients who would benefit from concurrent chemoradiotherapy (Figs. 3 and 4, right column) . Collectively, the signature identified in the present study may be more likely to reflect the drug sensitivity/resistance traits of cancer cells. Furthermore, there are also some disadvantages of our method. For instance, the 22-gene signature was developed in a single HNSCC cohort, and another independent cohort is warranted to validate the signature in future work.
The high-score subgroup predicted poor prognosis of HNSCC when adjusted by the postoperative treatments (Table IV) . The genes identified by the 22-gene signature may have some important biological insights in cancer cells. Some of the genes upregulated in the high-score subtype have been reported to serve as cancer-promoting genes. Phosphodiesterase 4D (PDE4D) is a subtype of metallohydrolases, and was characterized as a tumor-promoting factor in several types of cancers (14) . Previous studies reported that high expression of PDE4D promotes cell proliferation and cancer growth in prostate cancer (15) (16) (17) . A recent study found that PDE4D was over-expressed in nasopharyngeal carcinoma (NPC) tissues and cells. Knockdown of PDE4D resulted in cell cycle arrest and growth inhibition in NPC cells, which indicated that PDE4D saves as a promoting factor in NPC (18) . However, the potential role of PDE4D in non-NPC HNSCC have been unknown. Our results showed that upregulation of PDE4D was correlated with poor prognosis in HNSCC patients. The mechanisms underlying the potential role of PDE4D on HNSCC progression are with great interest in the next study.
The low-score subgroup identified by the 22-gene signature was correlated to unfavorable outcome after receiving Table IV . Cox regression of clinical/genetic variables based on OS.
Main effect of variables
Interaction effects with therapy chemoradiotherapy, suggesting some possible chemo-resistance mechanisms existing in this subtype. Indeed, we found that two gene sets involved in drug resistance were significantly enriched in the low-score phenotype. Hypoxia is commonly observed in many solid tumors including HNSCC, and is linked to chemo-resistance (19, 20) . Our results revealed that the low-score subtype was significantly enriched by a hypoxia-induced gene set in HNSCC (21) . The cancer stem cell-like phenotype was associated with chemo-resistance in head and neck cancer cells (22) (23) (24) . We found that two stemness expression signatures were enriched in the low-score phenotype. The genes upregulated in basal-like breast cancer (25) , which showed stem-like features (26) , were associated with the low-score subgroup of HNSCC. In our 22-gene signature, HOXD9 was upregulated in the low-score subtype. A previous study found that HOXD9 was upregulated in a side population with cancer stem-like cells of glioma (27) . However, the role of HOXD9 in HNSCC is poorly understood and further studies are warranted. Taken together, the chemo-resistance trait of the low-score subtype was supported by its significant association with biological features of hypoxia, basal phenotype as well as stemness.
In summary, this retrospective study established a 22-gene signature which has the potential to predict outcome benefit of postoperative concurrent chemoradiotherapy in HNSCC. The hypoxia-or stem-like gene expression properties of HNSCC may contribute to chemo-resistance. The 22-gene signature as a predictor for patient selection may be helpful in the personalized medicine field of HNSCC. A large prospective cohort is proposed to validate this gene signature.
Acknowledgements
Not applicable.
Funding
No funding was received. The middle and right column indicate survival benefit from concurrent chemoradiotherapy in the low-risk and high-risk subgroups respectively. The upper, middle and the bottom panels show OS, RFS and LRC, respectively. The P-value of each pair of Kaplan-Meier curves is calculated by log-rank test. HNSCC, head and neck squamous cell carcinoma; OS, overall survival; RFS, relapse free survival; LRC, local regional control; Radi., radiotherapy; Radi.Chemo., concurrent chemoradiotherapy.
